The low-temperature carbothermal nitridaton of boron oxide (B 2 O 3 ) was induced by the networked carbon structure prepared from a condensed boric acid (H 3 BO 3 )-poly(vinyl alcohol) (PVA) product. The precursor powder consisting of B 2 O 3 and carbon components was formed from the condensed product by thermal decomposition in air, and heated at 1200°C in a N 2 flow. The formation of boron nitride (BN) was accelerated for the product obtained from the precursor powder with the networked carbon structure. The formation of boron carbide (B 4 C) by carbothermal reduction was also observed, and the formed B 4 C was converted into BN with further increasing heat treatment time.
Introduction
Carbothermal reduction is an important industrial process for the synthesis of non-oxide ceramic powders such as carbides, borides, and nitrides. Boron carbide (B 4 C) and hexagonal boron nitride (h-BN) powders are formed by carbothermal reduction involving boron oxide (B 2 O 3 ) as a boron source, for which overall reactions are given by Eqs. (1) (B 4 C) and (2) (h-BN).
h-BN is obtained by the heat treatment of a compacted B 2 O 3 -carbon mixture (pellet) in a N 2 flow (carbothermal nitridation).
1)4)
These processes are suitable for large-scale synthesis because the starting materials are inexpensive and nonhazardous. However, the volatilization loss of boron components is substantial at the high synthesis temperature required in these processes (B 4 C: 2000°C, h-BN: 1500°C). Thus, the lowering of synthesis temperature is necessary for the further development of these industrial manufacturing methods. Carbothermal reduction using a polyol as a carbon source is an attractive low-temperature synthesis method for B 4 C powder. A condensed product that is composed of boric acid (H 3 BO 3 ) and a polyol is useful owing to the formation of borate ester (BOC) bonds by dehydration condensation.
5) The BOC bond-forming reaction between H 3 BO 3 and a polyol accelerates the dispersion of boron and carbon sources, and thus the synthesis temperature is reduced. We performed the thermal decomposition of a condensed H 3 BO 3 -polyol product in air to control the amount of carbon to the stoichiometric ratio required for the carbothermal reduction [Eq. (1)], 6)12) whereby crystalline B 4 C powder with little free carbon was synthesized by heat treatment at low temperatures of 12001250°C in an Ar flow using a condensed H 3 BO 3 -polyol product.
7)12) Furthermore, this approach was applied for the low-temperature synthesis of calcium hexaboride (CaB 6 ) powder via transient B 4 C formation. 13) A B 4 C precursor consisting of B 2 O 3 and carbon components is prepared from a condensed H 3 BO 3 -polyol product by thermal decomposition in air. Within the obtained precursor powder, a three-dimensional networked carbon structure with a homogeneous B 2 O 3 /carbon arrangement at the nanometer scale is spontaneously formed. 7),8),10)13) This structure formation provides the greatest benefit for the low-temperature carbothermal reduction of B 2 O 3 owing to its markedly increased contact area. It is considered that this benefit produces an effect even for the lowtemperature synthesis of BN powder by carbothermal nitridation using N 2 gas as a nitrogen source [Eq. (2) ]. The B 2 O 3 /carbon structure at the nanometer scale is formed within a precursor powder without the powder compacting of raw materials. The contact area of B 2 O 3 , carbon, and N 2 gas components increases markedly compared with that obtained by the usual powder compacting, facilitating the diffusion of reacting species. Moreover, the networked carbon structure prevents the spread of molten B 2 O 3 liquid. The melting point of B 2 O 3 is relatively low (450°C). The formation of a homogeneous melt of B 2 O 3 yields its minimal surface area with N 2 gas at reaction temperatures, which is a disadvantage for carbothermal nitridation. The formation of the networked carbon structure becomes possible for the suitable carbothermal nitridation of the molten B 2 O 3 component with N 2 gas. Therefore, the low-temperature synthesis of BN powder by the carbothermal nitridation induced by the three-dimensional networked carbon structure formed from a condensed H 3 BO 3 -polyol product is attempted in this study.
Poly(vinyl alcohol) (PVA), which is an important water-soluble polymer with a hydroxyl group as a side chain, was selected as the polyol in this study. PVA readily forms a BOC bond with H 3 BO 3 by dehydration condensation, resulting in highly dispersed boron and carbon components. The morphology of the precursor powder consisting of B 2 O 3 and carbon components formed from the condensed H 3 BO 3 -PVA product by the thermal decomposition in air exhibits the sea-island structure, i.e., the dispersion of B 2 O 3 particles in a carbon matrix on the nanometer scale. 8 ),10),11), 13) 2. Experimental procedure 2.1 Synthesis of BN powder PVA was supplied by Kuraray Co., Ltd., Japan, for which the degrees of polymerization and hydrolysis were 300 and 98.1 mol %, respectively. H 3 BO 3 (99.5%) was purchased from Wako Pure Chemical Industries, Ltd., Japan. These materials were used as received. A condensed product was prepared by the dehydration condensation of H 3 BO 3 and PVA at a H 3 BO 3 :PVA (hydroxyl group of PVA) molar ratio of 1:4 or 1:6. PVA was dissolved in deionized water (ca. 5 wt %) by stirring and heating in a water bath at 80°C for 1 h. Then, H 3 BO 3 was dissolved in deionized water and added dropwise to the PVA solution. The blended solution was heated until the water evaporated, which was followed by drying at 120°C in air. The pH-controlled condensed H 3 BO 3 -PVA product with a molar ratio of 1:6 was prepared as follows; the pH of the PVA solution was adjusted to 12 by adding 28% ammonia solution (Wako) and then the H 3 BO 3 solution was added dropwise. The pH of the blended solution was maintained at 12 by adding ammonia solution through the water evaporation process. The blended solution was heated until the water evaporated, which was followed by drying at 100°C in vacuum. The resulting product was a white solid. The condensed product was thermally decomposed in air to eliminate the excess carbon component; the condensed product was placed in an alumina crucible after grinding with an agate mortar and pestle, and thermally decomposed in air. The thermal decomposition conditions (temperature and holding time) were determined with the aim of achieving the stoichiometric C/B 2 O 3 ratio (=3.0) for the carbothermal nitridation [Eq. (2) ]. The black precursors obtained by the thermal decomposition of the condensed products in air were ground with an agate mortar and pestle into powder form. The precursor codes and their preparation conditions are listed in Table 1 . For comparison, the condensed H 3 BO 3 -mannitol (C 6 H 14 O 6 ) product was prepared. H 3 BO 3 was dissolved in deionized water by stirring and heating at 80°C. Then, mannitol (99.0%, Wako) was dissolved in deionized water and added dropwise to the H 3 BO 3 solution at a H 3 BO 3 :mannitol molar ratio of 4:1. The blended solution was heated until the water evaporated, which was followed by drying at 100°C in vacuum. The condensed H 3 BO 3 -mannitol product was ground with an agate mortar and pestle into powder form. Furthermore, the mixed powder consisting of B 2 O 3 (>99.9%, Kojundo Chemical Laboratory Co., Ltd., Japan) and activated carbon (Wako) was also prepared. B 2 O 3 and activated carbon powders, which were used as received, were directly mixed with a molar ratio of B 2 O 3 :C = 1:3 and ground with an agate mortar and pestle. The precursor powder, condensed H 3 BO 3 -mannitol product, or mixed powder was spread in a graphite boat and heated at 1200°C for 210 h in a N 2 flow (500 ml/min) at a heating rate of 10°C/min.
Characterization
The B 2 O 3 content of the precursor powder was determined as the H 3 BO 3 content by titrating a mannitol-H 3 BO 3 complex with sodium hydroxide solution using phenolphthalein as the indicator. The B 2 O 3 component was removed from the precursor powder by washing in hot water. X-ray diffraction (XRD) measurements of the products were performed using a powder X-ray diffractometer (Rigaku RINT2200) operated at 40 kV and 30 mA with monochromatized Cu K¡ radiation. Scanning electron microscopy (SEM) observations of the morphologies of the precursor powders and the products were conducted with a Hitachi S-4100 field-emission scanning electron microscope operated at 15.0 kV. The samples were coated with Pt-Pd before the observations. X-ray photoelectron spectroscopy (XPS) measurements of the products were performed on a Kratos AXIS-NOVA using monochromatized Al K¡ radiation (1486.6 eV). The binding energy (BE) was calibrated on the basis of the C 1s peak at 285 eV.
Results and discussion
The carbon content in the condensed H 3 BO 3 -PVA product is obviously higher than that required for the carbothermal nitridation given by Eq. (2). Hence, we performed a thermal decomposition process in air before the carbothermal nitridation to eliminate the excess carbon component. 6) 12) The C/B 2 O 3 ratio was controlled at approximately 3.0, which is the stoichiometric C/B 2 O 3 ratio for the carbothermal nitridation [Eq. (2)]. The SEM images of the precursors, i.e., the thermally decomposed products prepared from the condensed H 3 BO 3 -PVA products, after washing in hot water are shown in Fig. 1 . The B 2 O 3 component can be removed by washing the precursor powder in hot water, thus leaving the carbon component. For comparison, the product before the carbothermal nitridation prepared from the condensed H 3 BO 3 -mannitol product by heat treatment at 1000°C for 0 h in a N 2 flow after washing in hot water is also shown. Nanosize B 2 O 3 particles were dispersed in a carbon matrix for the precursors prepared from the condensed H 3 BO 3 -PVA products, the morphology of which was the same as that of the precursor prepared with a different holding time. 8),11) Consequently, there is no effect of the increase in the thermal decomposition time on the dispersion morphology of the B 2 O 3 /carbon structure, and the precursor powder with a homogeneously arranged B 2 O 3 /carbon structure at the nanometer scale is fabricated. The dispersibility of B 2 O 3 particles was improved with increasing PVA content of the condensed product. 11) A highly dispersive microstructure was fabricated for P6pH [ Fig. 1(c) ¹ . 14)16) This crosslinking accelerates the dispersion of the boron and carbon sources, resulting in the improved microstructure in the precursor consisting of B 2 O 3 particles and the carbon matrix. In contrast, no networked carbon structure was observed for the product obtained from the condensed H 3 BO 3 -mannitol product [ Fig. 1(d) ] although the dispersion of the B 2 O 3 and carbon components was high, probably because no polymeric structure was formed in the condensed H 3 BO 3 -mannitol product. 5) The XRD patterns of the products obtained by the heat treatment of the precursor powders at 1200°C for 10 h in a N 2 flow are shown in Fig. 2 . For comparison, the XRD patterns of the products prepared from the condensed H 3 BO 3 -mannitol product and the directly mixed powder are also plotted. Peaks corresponding to h-BN were observed for all the products. The obvious (002) peak (2ª³26.5°) was observed for the products obtained from the precursor powders (P4, P6, and P6pH). On the other hand, the broad (10) peak was observed at 2ª³42°, which is a two-dimensional lattice reflection and no resolution into the (100) and (101) reflections, indicating that the obtained BN has a turbostratic structure (t-BN). 17) Note that less BN formation was observed for the product obtained from the condensed H 3 BO 3 -mannitol product. Mannitol, a typical polyol, has a strong complexation ability and can easily form a BOC bond with H 3 BO 3 , 5) thus achieving the low-temperature synthesis of B 4 C powder. 9) Indeed, a fine carbon structure was observed for the intermediate product [ Fig. 1(d) ]. These findings demonstrate that the formation of the networked carbon structure is effective for the low-temperature carbothermal nitridation of B 2 O 3 , coupled with the dispersibility of the boron and carbon sources. The networked carbon structure prevents the aggregation of molten B 2 O 3 liquid during the heat treatment, leading to an enlarged surface-active area and the efficient removal of the byproduct CO gas, which is advantageous for promoting a highly endothermic carbothermal nitridation reaction. The improvement of the dispersibility of B 2 O 3 particles of the precursor microstructure was conducive to the acceleration of BN formation. The BN formation was accelerated for the products obtained from P6 and P6pH, which had a more finely dispersed structure. However, the B 4 C formation was observed for the product obtained from P6. The heat treatment time dependence for P6pH was investigated, as shown in Fig. 3 . The peaks attributed to BN were developed with increasing heat treatment time. In contrast, the peaks attributed to B 4 C were observed at 2 h and became strong at 5 h, and then disappeared at 10 h. Additionally, peaks attributed to B 4 C disappeared at 20 h for P6 (not shown). The B 1s XPS spectra of the products obtained by the heat treatment of P6pH at 1200°C for 2, 5, and 10 h in a N 2 flow are shown in Fig. 4 . The B 1s peaks attributed to BN (190.7 eV) and B 2 O 3 (193.7 eV) 18) were observed for all the products. In contrast, the shoulder peak attributed to B 4 C (188.6 eV) 19) disappeared at 10 h, which corresponded to the XRD result (Fig. 3) . The B 1s and N 1s XPS spectra of the product obtained by the heat treatment of P6pH at 1200°C for 10 h in a N 2 flow after the elimination of residual B 2 O 3 and carbon components by washing in hot water and thermal decomposition at 800°C in air are shown in Fig. 5 . The observed B 1s (190.9 eV) and N 1s (398.5 eV) peaks corresponded to the reported values of BN (190.7 and 398.2 eV, respectively), 18) and the B 1s peaks attributed to B 4 C (188.6 eV) 19) and B 2 O 3 (193.7 eV) 18) were not observed in the B 1s spectrum. The calculated B/N atomic ratio was 0.98, which was close to the stoichiometric BN composition.
The observed BN formation behavior suggests that formed B 4 C is converted into BN with further increasing heat treatment time at 1200°C. Sevinç et al.
3),4) reported that the intermediate formation of B 4 C and then the formation of BN by the reaction of B 4 C with B 2 O 3 occurred during the carbothermal nitridation of B 2 O 3 -carbon pellets by heat treatment at 1500°C in a N 2 flow, for which the overall reaction is given by Eq. (4).
The precursor (B 2 O 3 /carbon structure) prepared from a condensed H 3 BO 3 -PVA product used in this study is originally utilized for the low-temperature synthesis of B 4 C powder owing to the high dispersibility of the B 2 O 3 and carbon components and is highly capable of forming B 4 C at 1200°C. (Fig. 3) , is shown in Fig. 6 . An interesting morphology was observed: BN nanoparticles were formed on the surface of B 4 C grains. The morphology of micrometer-size grains is similar to that of B 4 C particles prepared from a condensed H 3 BO 3 -PVA product. 8) , 11) On the other hand, the morphology of nanoparticles on grains is similar to that of the obtained BN powder in this study (Fig. 7) . This morphology with the coexistence of BN and B 4 C phases is also consistent with that in a previous report.
1) The B 4 C particles obtained from a precursor prepared from a condensed H 3 BO 3 -PVA product consist of microparticles. 8) , 11) The formed B 4 C is converted to BN by increasing the heat treatment time, implying the high reactivity of B 4 C microparticles formed from our precursor. The powder form of the B 2 O 3 /carbon precursor, not a pellet, is also conducive to the acceleration of the BN formation reaction according to Eq. (4) since the contact area between B 4 C and N 2 gas is increased. Consequently, the fine three-dimensional networked carbon structure prepared from a condensed H 3 BO 3 -PVA product is a promising precursor for the low-temperature BN formation by the carbothermal nitridaton of B 2 O 3 .
Conclusions
In this study, the formation of BN by the carbothermal nitridation of B 2 O 3 induced by the three-dimensional networked carbon structure formed from a condensed H 3 BO 3 -PVA product was investigated. The formation of the networked carbon structure was effective for the low-temperature carbothermal nitridation of B 2 O 3 . The improvement of the dispersibility of B 2 O 3 particles of the precursor microstructure was conducive to the acceleration of the BN formation at 1200°C. B 4 C formed by the carbothermal reduction during the heat treatment process was converted to BN by increasing the heat treatment time.
